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As a reliable indicator of human physiological health, respiratory rate has been utilized in more and more cases for
prediction and diagnosis of potential respiratory diseases and the respiratory dysfunction caused by cystic fibrosis.
However, compared with smart mobile electronics, traditional clinical respiration monitoring systems is not
convenient to work as a household wearable device for real-time respiration monitoring in daily life due to its
cumbersome structure, complex operability, and reliance on external power sources. Thus, we propose a wearable
wireless respiration sensor based on lateral sliding mode triboelectric nanogenerator (TENG) to monitor respiratory
rates by sensing the variation of the abdominal circumference. In this paper, we validate the possibility of the
device as a respiration monitoring sensor via an established theoretical model and investigate the output
performance of the sensor via a series of mechanical tests. Furtherly, the applications of the respiration sensor in
different individuals, different breathing rhythms, different active states, and wireless transmission have been
verified by a lot of volunteer tests. All the results demonstrate the potential of the proposed wearable sensor as a
new alternative for detecting and monitoring real-time respiratory rates with general applicability and sensitivity.
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Accompanied with the global climate deterioration, in-
creasing serious air pollution and the aggravation ten-
dency of aged population, the human health, especially the
health of the respiratory system, is exposed to more and
more threats [1–3]. Meanwhile, the monitoring for
human’s physical health becomes the focus of attention
for preventing latent diseases [4–7]. Respiratory rate, as
one of the most important and reliable indicators directly
reflecting human physiological health, may provide key in-
formation for the prediction and diagnosis of potential re-
spiratory diseases like obstructive sleep apnea syndrome
(OSAS) and the respiratory dysfunction caused by cystic
fibrosis [8–11]. There has been various traditional medical
equipment utilized for monitoring respiration status, and
extraordinary efforts have also been committed to develop
technologies for innovative respiration monitoring. Des-
pite the great clinical applicability and monitoring© The Author(s). 2019 Open Access This article
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reliance on external power sources, and bad portability re-
strict their further development as smart mobile medical
electronics. In recent years, the advances in mobile net-
work and low-power electronics have driven the intelli-
gent mobile medical devices at a tremendous pace and
have evoked increasing interest in household healthcare
and flexible wearable electronics [6, 12–18]. Therefore,
the battery-free wearable healthcare sensors with great po-
tential for respiration monitoring, in a smart way, are ubi-
quitously demanded.
Compared to some relatively mature bioenergy scaven-
ging technologies like electromagnetic [19, 20] and piezo-
electric [21–25], triboelectric nanogenerators (TENGs)
[26–30], with the merits of light weight, high density of
energy, and high sensing sensitivity, possess better poten-
tial in applications as bioenergy harvesters, wearable elec-
tronics, and self-powered health monitoring devices.
Furtherly, the TENG-based energy harvesters are more
capable in scavenging bioenergy in working environment
with the bandwidth of frequency below 10Hz like human
breath [31, 32], and the materials used for TENGs are leadis distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
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Therefore, TENG is of no doubt one of the best choices for
wearable and self-powered breathing monitoring devices. To
meet the increasing demands for wearable and self-powered
health monitoring technology, many novel TENG-based sen-
sors have been developed to monitor human physiological
status. Lin et al. proposed a self-powered wireless body sen-
sor network (BSN) system for heart rate monitoring via inte-
gration of a downy structure-based TENG (D-TENG), a
power management circuit, a TENG-based heart rate sensor,
a signal processing unit, and Bluetooth module for wireless
data transmission in 2018 [13]. P. Maharjan et al. designed a
novel curve-shaped wearable hybridized electromagnetic-
TENG (WHEM-TENG) in 2018, working as an electronic
wrist watch powered by biomechanical energy harvested
from a swing arm, which was also demonstrated to power
for a pulse signal and heart rate monitoring [17]. Chen et al.
reported a flexible hybrid nanogenerator of piezoelectric and
triboelectric properties in 2017 that can be conformally at-
tached on soft surfaces like human skin to harvest diversity
touch energies based on electrospun nanofiber mat and
monitor the real-time physiological signals such as respira-
tory information and radial artery pulse [33]. Cu et al. re-
ported a pulse sensor based on a single-electrode TENG
with high flexibility and comfortability to human skin in
2018, with which a typical human pulse waveform that rep-
resents the radial artery pressure wave can be successfully
obtained [34]. The abovementioned works have greatly pro-
pelled the development of TENG-based wearable and self-
powered intelligent devices in human physical monitoring.
The variation of abdominal circumference is a natural
physical behavior of human during breathing process so
that capturing information from abdominal deformations
is a sensing approach and has no negative effect on nor-
mal activities of human beings, which may also be a pos-
sible energy source by scavenging biokinetic energy. In
this paper, we propose an integrated waist-wearable wire-
less respiration sensor based on sliding mode TENG, with
the merits of portability, mobility, and intelligence, simul-
taneously. It may be applied in different daily activities for
continuous real-time respiration monitoring and OSAS
detecting with neither adverse effect on the normal func-
tion of the device nor adverse influence on daily activities
of the user. A smart belt is built with the TENG sensor to
sense the variation of the user’s abdominal circumference
during breathing and transfer the periodic variation to the
reciprocating oscillation of the tribo-pair of the TENG, so
that the electric signals containing respiration information
can be output by the TENG. The whole sensing process
needs no external power source. The device is also
equipped with a wireless transmission chip powered by an
external source to realize respiration signal transmission.
The information for the breath status will be finally dis-
played on a mobile phone. Here, we report the researchwork on the TENG-based respiration sensor to show its
excellent potential as a possible intelligent wearable and
self-powered device for real-time respiration monitoring.
Methods
Architecture of the Respiration Sensor
Figure 1a shows the schematic structure of the respir-
ation sensor based on sliding mode TENG. The waist-
wearable respiration sensor is designed to detect the
user’s real-time respiratory status in daily life, as shown
in Fig. 1a (i). This kind of monitoring strategy will not
disturb daily activities of the wearer, such as walking,
sleeping, cooking, office work, etc. The device is com-
posed of a wearable bilayer belt, a sliding mode TENG
sensor built in the belt, and a wireless transmission sys-
tem. Each layer of the bilayer belt, as shown in Fig. 1a
(ii), includes an inextensible part noted by the black line
and a deformable part by the red line. The TENG sensor
is built in the wearable bilayer belt with the detailed
structure shown in Fig. 1a (iii-iv). A polytetrafluoroethyl-
ene (PTFE) film with a thickness of 100 μm and a nylon
film with a thickness of 30 μm are employed as the nega-
tive and positive tribo-materials, respectively. Two cop-
per foils each with a thickness of 50 μm are attached on
the outer surfaces of the tribo-layers as the conductive
electrodes. Two acrylic sheets are utilized as the sup-
ports to keep the dielectric materials flat. The planer size
of the TENG device is 5 × 5 cm2. The TENG device is
coated in a plastic sleeve to ensure the contact between
the tribo-pair during the respiration monitoring process.
The structure of the device is designed with a series of
obvious merits. First of all, the deformable parts of the
belt are utilized here to accommodate the expansion of
the abdomen during respiration and offer the restoring
force in the contracting procedure of the abdomen dur-
ing inhalation process, so that the real-time detection
with continuous signal will be realized via the smart belt
with no uncomfortable feelings and negative influence
on normal activities of the user. Secondly, the inexten-
sible parts of the belt are used to restrict the deform-
ation of the belt to make sure part of the abdominal
circumference variation is used to drive the sliding be-
havior of the tribo-pair. Also, the simple structure and
the commercial materials adopted in the device make it
low cost and easy to fabricate, which may facilitate its
marketable promotion prospect.
Furthermore, a set of hardware and software modules
are applied to form a wireless transmission system for
signal transmission, and the information of the real-time
respiration is assumed to be displayed on a mobile
phone (Fig. 1a (v)). As shown in Fig. 1b, the hardware
module, consisting of a voltage follower, a voltage rising
circuit, and a wireless transmission chip, are integrated
into a circuit board. It is noticed that the TENG outputs
Fig. 1 Fabrication of the waist-wearable respiration sensor and wireless transmission system. a Schematic design of the wireless respiration
sensor. (i) Schematic for wearing, (ii) structural sketch of the wearable device, (iii) expanded view of the TENG and (iv) material illustration of the
TENG, and (v) Functional modules contained in the wireless transmission system. b The circuit diagram of the wireless transmission system
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high output impedance and affecting its applicability in
the wireless transmission system. In this regard, the volt-
age follower is integrated in the circuit to lower the out-
put impedance of the TENG so that it can roughly
match that of the wireless transmission unit. Also, as a
concern for practical applicability, the electric output of
the TENG is characterized as alternating current, of which
the negative signal values cannot be used as the input sig-
nal for the Analog Digital Converter (ADC). Therefore,
the electrical level-rising circuit is used to elevate the
whole signal curve of the output voltage of the TENG to
positive level for the ADC to acquire the whole signals.The wireless transmission chip consists of an ADC, a
microprocessor, an antenna, and a battery to provide power
for the unit. The software module includes signal sampling,
signal processing, signal storing, and signal displaying units.
Through the signal sampling and processing units, the sig-
nals transmitted to the mobile phone are converted back to
the oscillation with positive and negative components, but
the signal waveforms and amplitudes are not converted
back proportionally to the original values of the TENG out-
put; thus, it is only indicative of respiration rates. And
through the signal displaying and signal storing units, the
transmitted signals of the real-time respiration rates are sys-
tematically stored and displayed on a mobile phone.
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Human breathing is usually categorized into thoracic
and abdominal breathing, and most of us use the first
type in our daily life. During the thoracic breathing
process, the abdomen cavity periodically expands and
contracts as the exhalation and the inhalation processes
occur, respectively, which may induce stretching and
contraction of the wearable belt attached around the
waist. Meanwhile, the tribo-pair is forced to slide out-
ward and inward via the deformation of the abdomen
circumference. During the reciprocating sliding process,
the respiration status will be obtained via the smart belt
with the TENG device.
Figure 2 shows the working mechanism of the respir-
ation sensor based on sliding mode TENG. The variation
of the abdominal cavity circumference may facilitate the
relative sliding of the tribo-pair via the wearable bilayer
belt, inducing an alternating current passing through the
external circuit, which will be captured and treated as
the signal in the respiration monitoring. In each working
cycle, there will be four processes: an initial intimate
contact, an outward sliding, a short pause, and an in-
ward sliding. As the initial state shown in Fig. 2a, the
surfaces of the tribo-pair fully overlap and intimately
contact with each other, and the surface of the nylon
film and the PTFE film are positively and negatively
charged, respectively, due to the triboelectric effect and
electrostatic induction. In this stage, there is no sliding
behavior between the tribo-pair, of which the surface
charges are in static balance with no charge transferring
in the circuit. When exhalation starts and tribo-pair be-
gins to slide outward with the expansion of abdominal
cavity (Fig. 2b), the separation of the triboelectric charge
will induce a potential difference between the tribo-pair.Fig. 2 Working mechanism diagram of the respiration sensor and its four w
surfaces of the tribo-pair fully overlap. b “Outward sliding” process: user exh
exhales and the tribo-pair slides outward to the maximum extent. d “InwarHence, the free electrons will be transferred from one
electrode to another via the external circuit and a pulse
of the output voltage with positive amplitude will be
generated. Once the tribo-pair reaches the maximal slid-
ing distance during the exhalation process (Fig. 2c), the
transferred charges will reach its peak value and there
will be no more current going through the circuit. Then
comes the inhalation process (Fig. 2d), in which the
tribo-pair begins to slide inward with the contraction of
abdominal cavity. The redundant transferred charges on
electrodes will flow back for new electrostatic balance
and a pulse of the output voltage with negative ampli-
tude will be generated. There will be no charge trans-
ferred as the charged surfaces of the tribo-pair get fully
overlapped, and the TENG device will go back to the
state of intimate contact as shown in Fig. 2a. In this way,
with the occurrence of the repeated outward and inward
oscillations between the tribo-pair, the electrons are
driven forth and back in the circuit between the two
electrodes, creating an alternating current output.
Measurement System
The electrical output performances of the respiration sensor
were recorded by a Keysight B2983A system electrometer.
Results and Discussion
For clinical applications, respiratory rates may provide
vital information for early warning and prompt diagnosis
of the respiratory diseases like OSAS. The waist-wearable
wireless respiration sensor is proposed in this paper to
offer an alternative strategy for monitoring real-time res-
piration by sensing the variation of the abdominal circum-
ference in the breathing process and displaying the
wireless signal on a mobile phone. The configuration oforking processes. a “Intimate contact” process: user inhales and the
ales and the tribo-pair slides outward. c “Short pause” process: user
d sliding” process: user inhales and the tribo-pair slides inward
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TENG sensor built in the belt and a wireless transmission
system. And the applicability, portability, and accuracy of
the device have been validated through theoretical ana-
lyses, mechanical tests and real-time tests by volunteers.
Theoretical Prediction
Firstly an analytical model is established to predict the
output performance of the TENG and validate the possi-
bility of the device as a respiration monitoring sensor. A
real-time test is carried out to examine the accuracy of the
analytical model. Furtherly, the correlation between the
electrical signals of the sensor and input mechanical exci-
tation is established and investigated by the theoretical
model, which provides a better understanding of the
working mechanism of the sensor. For those purposes, a
theoretical function is proposed to simulate the breathing
processes, which involves exhalation and inhalation stages.
At the exhalation stage, the abdomen cavity expands and
the tribo-pair slides outwards so that the displacement x(t)
of the tribo-pair increases gradually from zero to A. Then
the tribo-pair remains the maximum displacement A until
the inhalation process. At the inhalation stage, the abdo-
men cavity contracts and the tribo-pair start to slide in-
wards, so that the displacement x(t) decreases gradually
from A to zero. Afterwards, the tribo-pair remains the dis-
placement of zero until the next breathing cycle. Accord-
ing to the variation regulation of the x(t) in time domain,
the excitation for the device is assumed to be a trapezoidal
wave (Fig. 3a), which is expressed as:
x tð Þ ¼
v1t
A
A−v2t
0
0 < t≤A=v1
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8
>
<
>
:
ð1Þ
where T is the period, η is the ratio of exhalation time to
the whole period T, v1 and v2 are the speeds of sliding
outwards and inwards, respectively. Furtherly, the outputFig. 3 Correlation between the physical motion while breathing and the o
displacement for the theoretical prediction. b Comparison of the theoreticavoltage V(t) is calculated according to the theory of the
sliding mode TENG as follows [35, 36]:
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where d0 = d1/εr1 + d2/εr2 is the effective thickness with
d1 (d2) and εr1 (εr2) denoted the thickness and relative
dielectric constant of the dielectric layer respectively, ε0
the dielectric constant of vacuum, σ the surface charge
density, R the load resistance, and S the area of the di-
electric plate.
A device is utilized as a case to validate the electro-
mechanical model theoretically, with the parameters of
the physical properties and loading process depicted in
Tab. 1. The time history of the calculated output voltage
is shown by the blue line in Fig. 3b, while the measured
voltage signals, by the red line. Excellent agreement is
observed between the theoretical prediction and the
measured signals, suggesting that the analytical model is
accurate for predicting the electric outputs of the device
in the process of breathing. Furtherly, the voltage pulses
of the predicted respiration signals show consistency
with the inhalation and exhalation processes. The signals
rise and fall, behaving with positive and negative signals
with the occurrence of the exhalation and inhalation
processes, respectively. And it may also be utilized for
optimal design of the TENG-based respiration sensor in
structural parameters to enhance the performance and
sensitivity.
Output Characteristics
A mechanical test has been carried out to investigate the
influence of the sliding displacement of the tribo-pair on
the output voltage signal of the device. As shown in
Fig. 4a, the two ends of the tribo-pair were fixed on the
stretching machine and the tribo-pair was forced into autput voltage of the TENG sensor. a The assumed trapezoidal form of
l prediction and the experimental results
Table 1 Device parameters used in the experiment and
simulation
Parameter Value
Dielectric tribo-pair PTFE-nylon
Thickness of nylon plate d1 (μm) 30
Relative permittivity of nylon εr1 2.55
Thickness of PTFE plate d2 (μm) 100
Relative permittivity of PTFE εr2 3.8
Permittivity of vacuum ε0 (pF/m) 8.854
Load resistance R (MΩ) 500
Area of the dielectrics S (cm2) 25
Surface charge density σ (μCm−2) 86
Maximum separate distance A (mm) 8
Cycle length of the excitation pattern T (s) 1.4952
Speed of sliding outwards / inwards v1 / v2 (m/s) 0.02/0.016
Ratio of the exhalation time to the whole breathing cycle η 0.267
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ing machine to simulate the motion of the tribo-pair in
the respiration process. Meanwhile, the time histories of
sliding displacement and traction force in the stretching
process were recorded to make comparison with theFig. 4 Mechanical tests on the TENG based respiration sensor. a Photograp
voltage signals of the sensor under an excitation in trapezoidal form and th
c The time histories of output voltage of the sensor with different displace
traction force as functions of the maximum sliding displacementvoltage signals measured by a voltmeter with the load re-
sistance in the electrical circuit of 11 MΩ. In the mech-
anical test, a trapezoidal wave excitation was utilized
with a frequency of 0.5 Hz and the displacement ampli-
tude from 2.5 to 30mm. Figure 4b shows the time his-
tories of output voltage by the red line and the
corresponding time histories of sliding displacement
with amplitude of 30 mm and traction force by the green
and blue lines, respectively. At the stage I, while the dis-
placement between the tribo-pair increases with the
traction force of the machine, the positive pulse of the
output voltage is captured. And at the stage II, the out-
put voltage shows opposite signals while the traction
force is gradually canceled and the displacement de-
creases. The periodic characteristic of the voltage signals
match well with those of the sliding displacement and
traction force of the setting mechanical excitation, which
demonstrates the feasibility of the TENG sensor for real-
time breath monitoring. Furtherly, the voltage signals
obtained varies obviously under different sliding ampli-
tudes from 2.5 to 30mm (Fig. 4c), which allows to inves-
tigate the effect of the displacement amplitude (i.e., the
breathing depth). The variation tendency of the peak
voltage versus the displacement amplitude is depicted in
Fig. 4d. Obviously, the peak voltage increases linearlyh of the TENG sensor fixed to the stretching machine. b The output
e corresponding time histories of the sliding displacement and force.
ment amplitudes. d The peak values of the output voltage and the
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tionship can be described as follows:
V peak ¼ 0:01383Xmax þ 0:0092 ð3Þ
where Vpeak is the peak value of the output voltage and
the Xmax means the maximum sliding displacement of
the tribo-pair. The regulation in Eq. (3) reveals the rela-
tionship between the peak voltage and displacement ex-
citation of the device with the applicable range “2.5
mm≤ Xmax ≤30 mm”, which provides a basis for us to
learn the effect of the abdominal circumference on the
peak voltage and an accordance in predicting the peak
voltage of the sensor in the breathing process. On the
other hand, Figure 4d also illustrates that the useful elec-
trical signals of the sensor can be captured with the
amplitude of the traction force and the sliding displace-
ment as small as 3.09 N and 2.5 mm, which means that
the device can be easily driven by the variation of the ab-
dominal circumference without causing uncomfortable
feelings of the user.
Respiration Monitoring
To verify the feasibility of the device working as a respir-
ation sensor, a set of real-time monitoring tests were
carried out (Fig. 5a), and the electrical signals were mea-
sured via a voltmeter with the load resistance in the
electrical circuit of 100 MΩ. During the breathing
process, the belt of the device is kept in conformal con-
tact with the user’s waist, and the variation of the user’s
abdominal circumstance is reflected by the periodic re-
ciprocating sliding oscillation of the tribo-pair. With the
volunteer exhaling and inhaling periodically, the output
voltage signals including pulses with positive and nega-
tive amplitudes appear. In actual applications, the cap-
tured electrical signals may contain more information
related to the breathing process, i.e., the respiratory rates
and the inhalation or exhalation process, etc. By illus-
trating the correlation between the periodic variation of
voltage signals and the working mechanism of the res-
piration sensor, it will be more accurate to extract de-
tailed information of breathing from the measured
signals. Thus, we take one breathing cycle from the real-
time tests as an example to illustrate the correlation
(Fig. 5b). When a force is applied in the exhalation
process, the tribo-pair slides outward and generates a
pulse of the output voltage with positive amplitude as
the accordance of the detection for exhalation process.
Then correspondingly, when the applied force is revoked
gradually in the inhalation process, the tribo-pair slides
inward and generates a pulse of output voltage with
negative amplitude as the accordance of the detection
for inhalation process. Based on the abovementionedanalyses, the voltage signals can be utilized to provide a
deep understanding on breathing processes.
Furtherly, two volunteers, one aged 22 years old with a
waistline of 72.8 cm and another aged 24 years old with
a waistline of 98.6 cm, were invited to test the ability of
the smart belt in reflecting specific breath behaviors of
different individuals. To test the sensitivity of the device
to different respiratory rates, the breathing processes of-
fered by the volunteers involve three different breathing
rhythms, i.e., normal, rapid, and deep breaths. During
the breathing process with different rhythms, the elec-
trical signals generated by the TENG sensor are success-
fully detected and shown in Fig 5c and d for the two
volunteers, respectively. The voltage signals are repeat-
able and reliable for each rhythm, that presents obvious
difference of respiratory rates in the breathing process.
The time histories of the output voltage (Fig. 5c and d)
for the two volunteers respectively exhibit steady vari-
ation (constant frequency and peak-valley value) in the
processes of three breathing rhythms. Reflected by the
results of fast Fourier transform (FFT) in Fig. 5c and d,
the extracted frequency of the normal, rapid, and deep
breaths are 0.68, 1.10, and 0.40 Hz, respectively for the
22-year-old volunteer and 0.60, 1.40, and 0.47 Hz for the
24-year-old one; those are reasonable respiratory rates
for healthy adults [37]. It means that the key information
of the respiratory rates can be collected via the electrical
signals. On the other hand, the two volunteers in the
tests are asked to hold breath to simulate the breathing
pause caused by the symptom of apnea. Correspond-
ingly, it is presented in Fig. 5c and d that the signals with
value of zero volt last for about 10 s between two differ-
ent breathing rhythms. It may be utilized as a judgment
basis for OSAS and a further accordance for its diagno-
sis and warning. These results demonstrate that this
TENG sensor can detect not only the respiratory rates
but also the symptoms of the apnea.
Moreover, a series of real-time tests were carried out
by the volunteer in different states to confirm the prac-
ticability of the device in different daily activities. The
voltage signals were measured via a voltmeter with load
resistance of 100 MΩ in three different states, i.e., lying
(case I in Fig. 6a), sitting (case II in Fig. 6b), standing
(case III in Fig. 6c), and walking at a speed of 3 km/h
(case IV in Fig. 6d). Figure 6a exhibits the obtained volt-
age signals with the volunteer lying to simulate the re-
spiratory state during sleeping, while Fig. 6b-d present
the captured voltage signals with the volunteer sitting,
standing, and walking, respectively, to simulate the
breathing processes in daytime activities. All the signals
from cases I–IV show stable and continue voltage pulses
in pace with the variation of the abdominal circumfer-
ence during breathing, which coincide with the real pro-
cesses of inhalation and exhalation. And the respiratory
Fig. 5 The sliding mode TENG respiration sensor for monitoring different breathing rhythms. a Photograph of the TENG sensor worn on the
waist for respiration monitoring. b The correspondence between the output voltage signals and the processes of exhaling and inhaling in one
breathing cycle. c, d Time histories of the output voltage signals for two volunteers with different waistlines (72.8 cm for c and 98.6 cm for d) and
corresponding results of FFT for different breathing rhythms
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0.52 Hz for case II, 0.72 Hz for case III, and 0.65 Hz for
case IV. It is worth noting that there are some jitters
existing in the signal waveform while walking in Fig. 6d,
but the functionality for monitoring breathing rhythm is
still achieved. The tests in the four cases demonstrate
the feasibility of the respiration sensor as a wearabledevice for real-time respiration monitoring in different
activities in daily life. Furtherly, we carried out a long-
time continuous respiration monitoring for 180 s and
the detected signals are presented in Additional file 1:
Figure S1. The time histories of the output voltage ex-
hibit stable alteration with the breathing processes dur-
ing the tests, which demonstrate the stability of the
Fig. 6 The TENG sensor for real-time respiration monitoring in different daily activities. The captured voltage signals and the corresponding
testing photographs in processes of respiration monitoring when volunteer is (a) lying, (b) sitting, (c) standing, and (d) walking at a speed
of 3 km/h
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applications.
To further improve the portability of the device as a
wearable respiration sensor, a wireless transmission sys-
tem was designed for the exhibition of the breathing infor-
mation on a mobile electronic equipment. Specifically, a
real-time monitoring test equipped with the wireless
transmission system proposed in Fig. 1b was carried out
and the electrical signals generated by the TENG sensor
were wirelessly transmitted and displayed on a cell phone.
Figure 7a shows the actual setup of the wireless transmis-
sion system and Fig. 7b shows the signal waveforms con-
taining breathing information displayed on the phone viaFig. 7 Real-time respiration monitoring via the TENG sensor with the wirel
wireless transmission system. b Photograph of volunteer’s real-time breathi
depicted with the data stored by the wireless transmission systemthe wireless transmission system. The measured respira-
tory information of the volunteer in Fig. 7b have been fur-
ther processed on a PC and shown in Fig. 7c for better
viewing. The depicted waveforms in Fig. 7c suggest that
the respiratory rate is about 0.625 Hz. And the exhalation
and the inhalation stages of the breathing process are
identified and marked in Fig. 7c, which indicates the per-
fect reflection of the electric signals displayed on the
phone to the actual respiratory status and the reliability
and practicality of the wireless transmission system. To
further demonstrate the accuracy of the wireless signals,
voltmeter signals (with electrical load resistance of 10
MΩ) after TENG and wireless signals after wirelessess transmission system. a Photograph of the actual setup of the
ng signals displayed on a mobile phone. c The respiratory waveform
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pared in Additional file 1: Figure S2. It is worth to be men-
tioned that the amplitude of the wireless signals is not the
true value of the output voltage of the TENG sensor, but
being processed proportionally. On the one hand, the sig-
nal width of the wireless signals is much wider than the
voltmeter signals, which can be attributed to a compre-
hensive outcome of the larger input impedance of voltage
follower (100 TΩ) in the wireless transmission chip, the
existing load loss of the circuit and the low sampling rate
which make the signals distorted slightly. On the other
hand, though the waveform and the peak value are chan-
ged after the wireless system, the information about the
breathing cycle delivered by the wireless signals coincides
well with that of the voltmeter signals, which means that
the respiratory rates can be correctly reflected by the sig-
nals obtained from the wireless transmission chip.Conclusions
In summary, we have designed and fabricated a waist-
wearable wireless respiration sensor to monitor real-time
respiratory status of humans in daily life and to transmit
the breathing information to a mobile cell via a wireless
transmission system. We furtherly illustrated its working
mechanism in detail that it senses the variation of the ab-
dominal circumference while breathing and output elec-
trical signals containing rhythm information of the
respiratory processes. In this study, theoretical analyses
were performed to predict the output signals of the TENG
and validate the possibility of the TENG to work as a res-
piration sensor. It was also demonstrated by a mechanical
test that the sensor can be easily driven by a sliding dis-
placement with an amplitude of 2.5 mm, which makes it
feasible for use as a wearable sensor. To validate the ap-
plicability in reality, we carried out a series of tests by two
volunteers to investigate the feasibility, accuracy, and sen-
sitivity of the device to different individuals, different
breathing rhythms, and different active states. The device
was demonstrated applicable for not only the detection of
apnea symptom but also the real-time monitoring of
breath. Lastly, the wireless transmission system of the sen-
sor was also proved to be efficient in wireless electrical sig-
nal transmission. Results stated above have shown the
potential of the proposed sensor as a smart wearable res-
piration sensor and the household healthcare monitoring
system comprehensively.Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s11671-019-3187-4.
Additional file 1: Figure S1. A long-time continuous respiration moni-
toring for 180 s. Figure S2. Comparison of the voltmeter signals afterTENG and wireless signals after wireless system which were captured in a
same breathing test.
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